We have carried out tropospheric observations by the MU radar (VHF-band) and meteorological radars (C-, Ku-and X-bands) for three weeks during the Bain (early summer rain) season in 1991 (17 June -8 July). We produced a complete data set of three-dimensional wind velocity, turbulence parameters, cloud and precipitation with high reliability and resolution. Results of the data analysis show that a meso-a-scale cyclone on the Baiu front has an asymmetric hierarchical structure of vertical velocity fluctuation distributions, which consists of meso-/3-scale cloud clusters (with strong upward velocities and rainfalls) and meso-y-scale developing clouds (with remarkably strong events). Further, they are restricted by the lowest level of the stratiform turbulence near the tropopause and the frontal surface and are especially activated near the warm and cold fronts on the ground in the cyclone center.
Introduction
The development of cloud clusters associated with convective motions have been observed so far mainly by the meteorological (SHF-band) radars (e.g., Leary and Houze,1979; Uyeda et al., 1995) . They are understood as a result of the conversion process from heat (ultimately due to solar radiation) to mechanical (kinetic plus potential) energy, and they are considered to be an important source of kinetic energy in the middle and upper atmosphere (through wave vertical propagation). However, the energy conversion process is quite complex, because various mechanism such as infrared radiation, large-scale dynamics, water-vapor phase change, earth's surface conditions and atmospheric chemistry concern this process. In particular the mesoscale dynamics itself has many unknown aspects, mainly because the classical meteorological observations cannot resolve such smaller-scale motions nor measure vertical motions, except those on the ground. Furthermore, internal gravity waves playing an important role in the momentum and energy budgets in the middle atmosphere (e.g., are considered often to be generated by the tropospheric cloud clusters (e.g., Fovell et al., 1992) , but this process has not been clarified by observations. Therefore, investigations on the mesoscale convective motion in the troposphere become an important subject under the Solar Terrestrial Energy Program (STEP).
Recent developments of VHF/UHF-band clear-air radars are bringing a powerful technique to study the tropospheric convective motions (see, e.g., Rbttger and Larsen, 1990; Gage, 1990) . The MU radar of the Radio Atmospheric Science Center (RASC), Kyoto University is a VHF radar which is valuable for the observation of three-dimensional wind velocity including vertical velocity with fine time and height resolutions (-150 s and -150 m, respectively) (Fukao et al., 1985b (Fukao et al., , 1985c (Fukao et al., , 1991 . The MU radar observation is a single-stationed observation (at 34.85°N, 136.10°E), but we can observe typical mesoscale atmospheric motions which appear near the Baiu (early summer rainy season) front in Japan every year.
The first observations of the Baiu front in 1984 by a partial system of the MU radar revealed threedimensional atmospheric motions along the frontal surface (Fukao et al., 1988) . Observations during 1986-87 by the complete system of the MU radar were mainly concerning horizontal wind variations in the vicinity ofthe frontal surface (Sumi,1989; May et al.,1992 ) and a synoptic-scale occluded cyclone system just in the beginning of Baiu season (Fukao et al., 1989) . Observations which were carried out also during 1989-90 suggested that updrafts stronger than 2 m/s and rainfall stronger than 10 mm/h corresponding probably to meso-y-scale (<101 km in horizontal scale) cumulonimbus clouds were organized in a cluster of meso-/3-scale (_102 km in horizontal scale), and such clusters were included in a cyclone structure of medium scale or meso-a-scale (-103 km in horizontal scale) (Kotani et al., 1996) . However, these foregoing observations cannot discuss how and why hierarchical structures are developed, because they are shorter than one week.
During the Baiu season (17 June-8 July) in 1991, we carried out a three-week observation campaign Yamanaka et al., 1996) . This was the longest continuous observation experiment by the MU radar, and we obtained a complete data set throughout the three weeks with high reliability and resolution, by using an algorithm to remove raindrop echoes. Furthermore, C-, X-and C/Ku-band meteorological radars were also operated simultaneously, which provide a horizontal mesoa-scale distribution of meso-J3-scale cloud clusters and a vertical structure of precipitation over the MU radar site. Therefore, in this campaign we can investigate three-dimensional hierarchical structure ofboth winds and precipitations associated with mesoscale disturbances near the Baiu front. Here we present an outline and some preliminary results of this observation campaign. In Section 2 we describe the observation system. In Sections 3 and 4 we demonstrate results for phenomena with larger (synoptic and meso-a) and smaller (meso-/3 and -y) scales, respectively. Concluding remarks are described in Section S.
Observation
System Table 1 shows basic parameters of multi-frequency radars used in the three-week observation campaign.
We employed five beams to the zenith and the zenith angle 10° (north, east, south and westward) of the MU radar (VHF-band, 46.5 MHz) which provided vertical, meridional zonal winds and echo power scattered from both turbulence and raindrops. Details of the MU radar system was described in Fukao et al. (1985b, 1985c, 1988, 1991) . Echoes returned from heights below 1.5 km from the antenna surface are rare or not suitable for analysis, mainly because of saturation of the transmitter and receiver. Raindrop echoes were omitted, mainly following earlier studies (e.g., Sato et al., 1990) . We have developed a new spectral fitting method in order to remove raindrop echoes near the so-called bright band (4-5 km altitude in this case) which have been difficult to be distinguished from the atmospheric echoes . We have combined the results obtained by the troposphere (1.5-19.2 km heights from the antenna surface) and stratosphere modes (5.1-24.1 km heights from the antenna surface) and have made a complete data set for 1.5-24.1 km heights from the antenna surface. Since the MU radar antenna surface is located at 375 m altitude above the mean sea level, the height measured by the radar is exchanged into the altitude above the mean sea level by adding 375 m. The C-band radar (5.3 GHz) data set was provided from the Osaka Meteorological Observatory of the Japan Meteorological Agency (JMA). This data set was produced by synthesizing radar echoes extended over about 500 km range observed at three radar stations: Osaka-Mt. Takayasu (34.61°N, 135.66°E), Muroto (33.25°N, 134.18°E) and Matsue (35.54°N, 133.10°E). It consists ofrainfall intensity at an interval of 7 minutes and the cloud top at an interval of 1 hour. From this data, we can investigate horizontal distributions of precipitating cloud clusters.
The X-band Dopplerradar (9.4 GHz) ofHokkaido University was operated simultaneously in the MU radar site during the three weeks. The original radar system is a dual-polarization radar (Uyeda et al.,1991) , but only a single system was transported to the MU radar site. This radar can steer antenna beams for 128 sweep up to 42.5° elevation angle. Such a simultaneous observation in the Baiu season had been carried out for separated two weeks also during June-July 1990, and horizontal velocity and reflectivity factor over the radar site had been analyzed with VAD (velocity-azimuth display) method in comparison to the MU radar data (Shimizu et al., 1992) . In the observation campaign described in this study, we obtained both of PPI (plan position indicator) and RHI (range height indicator) of reflectivity factor, as well as Doppler velocity with precipitation dispersion over horizontal and vertical ranges within 60 km radius from the radar site. The X-band radar data was obtained during the entire observational period of the three weeks, except for short periods of mechanical checks in the first week and of a system down due to a lightning stroke from 2000 LST 29 June to 1600 LST 1 July.
The C/Ku-band dual-frequency radars (5.3/13.9 GHz) of RASC are a system pointing vertically for measuring the vertical structure of precipitation associated with vertical velocity events by the MU radar (see Fukao et al., 1985a) . The time and height resolutions are 2 s and 300 m, respectively. The shorter waves (2.2 cm) of Ku-band radar are attenuated in strong rainfall. In weak rainfall, however, the Ku-band radar can provide more detailed structure of precipitation distribution than the C-band radar. Comparison between the two bands leads to information on melting process (generation of liquid water from ice) near the bright band altitude. This radar was used in an earlier simultaneous observation during Baiu season in 1990 with the MU radar and the X-band radar, and a meso-a-scale rotor circulation was observed near the Baiu front (Watanabe et al., 1994) .
We also launched standard radiosondes (VAISALA RS80) twice or four times a day in order to observe temperature, humidity and pressure profiles from the ground to about 30 km altitude. W e also used operational rawinsonde (MEISEI RS2-80) data set obtained two times a day (09 and 21 LST) at 18 stations of JMA. The frontal surface and tropopause over the MU radar site and the horizontal extension of jet streams were estimated with a meridional cross-section analysis based on the data obtained at six stations at Sapporo (43.03°N, 141.20°E), Akita (39.43°N, 140.06°E), Wajima (37.23°N, 136.54°E), Shigaraki (the MU radar site), Shionomisaki (33.27°N, 135.46°E) and Minamidaitojima (25.50°N, 131.14°E). In addition, rainfall intensity on the ground was simultaneously monitored at the MU radar observatory. Tipping-bucket type (sensitivity: 0.5 mm) and dripping type (sensitivity: 0.0083 mm) raingauges were used, and we analyzed mainly the latter. Results of the three-week campaign concerning tropopause variations and lower-stratospheric gravity-wave activities are described in , Yamanaka et al. ( , 1996 , Shimomai et al. (1996a, b) and Ogino et al. (1996) . In this paper, we shall describe other interesting results concerning the mesoscale meteorological phenomena.
3. Synoptic-and Meso-a-Scale Disturbances
The Baiu front on the ground was stationed in the south of the Japanese Archipelago during the first week (17-24 June), a pressure ridge passed over Japan during 24-27 June. In the latter two weeks, several cyclones on the Baiu front passed by the MU radar. North-south shifts of the subtropical baroclinic zone were confirmed in 500 hPa analysis by JMA. We have analyzed relatively larger-scale fluctuations over the whole three weeks by making the MU radar data set averaged every thirty minutes and then running- averaged every four hours (see Figs. I and 2). Here triangles are plotted to show the tropopause levels analyzed from the radiosonde data following the definition of JMA, and squares are the lowest levels of stratiform turbulence observed by the MU radar near the tropopause. The frontal surface altitude (corresponding to the upper boundary, when the frontal surface is a layer) over the MU radar was determined by vertical echo power distributions of the MU radar data (cf. Fukao et a/., 1989; Rottger and Larsen, 1990) and also by meridional distributions of the equivalent potential temperature and zonal wind observed by the radiosondes and rawinsondes . In Fig. 1 , we find that horizontal velocity is stronger above the frontal surface, and its temporal variations in the troposphere are correlated with meridional movements of the front on the ground. In the first week, when the front on the ground is far southward from the Japanese Archipelago, the wind becomes strong above the frontal surface associated with tropopause jet stream moving southward in the whole troposphere. In the latter two weeks, the lower-tropospheric wind (-4 km altitude) rotates anticlockwise from southerly during passage of a meso-a-scale cyclone center. The so-called low-level jet stream appears at 3-7 km altitudes when a cyclone center passed near the MU radar, and the maximum wind phase proceeds upward in time. As a result, the tropopause jet stream becomes strong after the passage. These wind variations associated with cyclone passages have aperiod of 2-3 days, except for first period of the passage of the cyclone center when tropopause jet stream moved to northward. Similar variations are found not only at Shigaraki (the MU radar observatory) but also at operational rawinsonde stations from Shionomisaki to Sapporo (see Yamanaka et al., 1996) .
In Fig. 2 , the vertical velocity above the MU radar does not have a strong fluctuation in the first week. However, during the latter two weeks, upward velocity reinforcement (almost reaching 1 m/s, in spite of four hour running average) of meso-/3-scale (continuing less than several hour) appears when a meso-ascale cyclone center passed near the radar site. Such an upward velocity reinforcement at meso-a-scale interval is composed of a number of meso-y-scale updraft events, which we shall show in the next section.
Meso-p-Scale Clusters of Meso-y-Scale Cloud Convections
From the database ofthe three-week experiment, we have analyzed meso-/3-scale updraft event groups rainfall intensity on the ground during a meso-a-scale cyclone passage (indicated by a double-head arrow in Fig. 2) . A mesoy-scale cloud system in the warm frontal side of the cyclone (indicated by a double-head arrow in (a)) will be shown also in Fig. 4. (observed by the MU radar) or cloud clusters (observed by the meteorological radars) for three categories: (i) the northern side of the front on the ground (one case), (ii) the vicinity of a cyclone center (five cases), and (iii) the southern side ofthe front far from a cyclone center (one case). Since we are planning to prepare another paper for detailed descriptions forphenomena ofthe meso-Q and -yscales , here we shall describe an example of such hierarchical structure composed of these multiple scales. Figure 3 shows vertical velocity variations observed by the MU radar during a meso-a-scale cyclone center passage, that is, a case of the category (ii). We find a meso-/3-scale group of several meso-y-scale upward velocity events extending over an altitude range of 6-12 km above the warm frontal surface (the left half of the figure). When the warm front lands on the ground (-21 LST 4 July), remarkable upward velocities of 2 m/s or larger appear and they are accompanied with strong rainfall. When the cold frontal surface is extended from the ground (-03 LST 5 July), upward velocity event appears only below over -6 km altitude and is accompanied with rainfall. In the northern side of the cold front (the right half of Fig.  3 ), convective motions with strong upward velocities without precipitation (except a very weak (less than 0.5 mm/hour) rainfall at -10 LST 5 July) are extended mainly from the frontal surface (or below) up to the lowest level of the stratiform turbulence near the tropopause, and they are accompanied with relatively strong southerly winds (see Fig. 1(b) ).
In the altitude range of the remarkable upward velocities, the relative humidity observed by a radiosonde at 09 LST 5 July (20-70%) is much lower than that of the warm front side at 21 LST 4 July (75-100%). We consider that this dryness (probably due to air masses coming from some northern much colder temperature regions above the Siberian continent) may explain why there are no precipitation in the northern side of the cold front. Although detailed study on this point is beyond the scope of this paper, we regard it as a quite interesting and important subject in the next stage of this study. Fig. 3 (a) ), during which a meso-y-scale cloud system passage was observed by the X-band radar of Hokkaido University. The cloud moving velocity (estimated from the X-band radar data) has been subtracted from the observed zonal wind.
We have identified remarkable vertical velocity fluctuations and strong vertical echo power in the MU radar data with cloud systems observed by the meteorological radars. Figure 4 shows a case in which we find a cloud system in the developing stage passes by the observatory from the X-band radar data. Strong upward velocities (?2 m/s) associated with enhanced southerly wind in the lower troposphere are found in the MU radar data, and horizontal velocities and echo power features have been confirmed to be consistent with the X-band radar results. Since the echo power of a VHF (Bragg-scatter) radar is enhanced by a high humidity (see, e.g., RSttger and Larsen, 1990; Gage, 1990) , we may imagine a vertical cross section of the cloud system from the vertical extending strong echo region seen in the figure.
Near the warm frontal side of a cyclone center, we find characteristic features of the vertical velocity events corresponding to each stages from generation to decaying in the life cycle of cloud systems. Near the cold frontal side, sometimes a convective cloud is associated with strong rainfall, but other clouds are not so, as shown in Fig. 3 for example.
Conclusion
We can construct an observational model ofthe medium or meso-a-scale cyclone with an asymmetric hierarchical structure of rain and vertical velocity distributions (see Fig. 5 ). In the northern side of the warm front, there are southern wind with moisture because stronger at the lower troposphere and the upward velocity associated with the strong rainfall. In the northern side of the cold front, there are remarkably strong upward velocity accompanied with severe rainfall and convective vertical velocity fluctuations without precipitation extending up to the lowest level of the stratiform turbulence near the tropopause. In general, the meso-scale cloud cluster and meso-y-scale convective motions are vertically restricted by the lowest level of the stratiform turbulence near the tropopause and the frontal surface. Therefore, we have vividly illustrated the detailed structure where cloud convections are organized. Such an asymmetric structure of the meso-a-scale cyclone is considered to generate also an inhomogeneous forcing of propagating wave disturbances, which is similar to synoptic-scale structures (cf. Fukao et al., 1989) . Actually the lower-stratospheric gravity wave parameters and activity seem to have an inhomogeneity correlated with the meso-a-scale cyclone, which is described in detail elsewhere Ogino et al., 1996) .
